We fabricated dye sensitized graphene antidot superlattices with the purpose of elucidating the role of the localized edge state density. The fluorescence from deposited dye molecules was found to strongly quench as a function of increasing antidot filling fraction, whereas it was enhanced in unpatterned but electrically back-gated samples. This contrasting behavior is strongly indicative of a built-in lateral electric field that accounts for fluorescence quenching as well as p-type doping. These findings are of great interest for light-harvesting applications that require field separation of electron-hole pairs.
Graphene, a two dimensional monolayer of carbon atoms arranged in a hexagonal lattice has been recently isolated [1] and shown to exhibit excellent electrical [2, 3] , thermal [4] , mechanical [5] and optical [6] properties. Electron transport has been studied extensively in single and few-layer graphene sheets [7, 8] , while optoelectronic properties and light matter interaction in nanostructured graphene gain increasingly more interest in the research community, in particular since the advent of first ultrafast graphene photodetectors [9] . Single layer graphene absorbs only 2.3% of the incident radiation in the visible spectrum [10] , consequently, efficient photocarrier separation within graphene becomes particularly important. In order to create a built-in electrical field that facilitates carrier separation silicon based technology relies on the pn-junction that is created by doping the silicon lattice. Physical doping of graphene has been previously achieved by addition of extrinsic atomic [11, 12] or molecular [13, 14] species either by adsorption or intercalation into the graphene lattice [12, 15] . A potentially simpler way to make graphene a viable material for optoelectronics can be achieved by utilizing lateral electric fields created by Schottky barriers near the source and drain metal contacts [9, 16, 17] , as was previously done in carbon nanotubes [18] . In the presence of such metal contacts it was also observed that nanotube fluorescence can be significantly enhanced [19] . While graphene does not display any exciton emission, quantum dots placed on unpatterned graphene were recently shown to undergo strong fluorescence quenching, which is indicative of energy transfer from the quantum dot exciton oscillator into graphene [20] . Such hybrids between graphene and light harvesting molecules can potentially overcome the low absorption efficiency of bare graphene. Nanostructured graphene offers further possibilities to explore light harvesting and carrier separation. Of particular interest are the so called antidot superlattices, i.e., lattices comprized of a periodic arrangement of perforations in the underlying graphene structure. These superlattices were predicted to posses a nonnegligible magnetic moment [21] , a small band gap [22] [23] [24] [25] that can be controlled by the antidot filling fraction [26, 27] , and Peierls type electron-hole coupling that leads to polaronic be- havior [26] . In a previous work, Heydrich et al., showed that the introduction of an antidot superlattice results in the stiffening of the G-Band in Graphene's Raman spectrum, as well as an energetic shift of the G and G'-Bands commensurate with p-type doping [28] . Furthermore, recent theoretical predictions show that the periphery of graphene possesses a nonnegligible density of states N edge that is spatially localized at the edges and is distinct from the bulk states N bulk that are present in graphene's interior regions. Consequently, antidot superlattices provide a natural framework for studying these states and their properties, since the edge states in these systems coexist with the bulk states, unlike in dot lattices, where the ratio of edge to bulk states is small.
Here we report an electro-optical study of dye sensitized graphene antidot superlattices with the purpose of elucidating the role of the localized edge state density on its light-harvesting properties. The amount of p-type doping introduced by the edge states is quantified for various antidot filling fractions using confocal µ-Raman spectroscopy and transport measurements. We show that the fluorescence from deposited dye molecules strongly quenches in linear proportion to the antidot filling fraction, whereas it was enhanced in the presence of free carriers in unpatterned but electrically back-gated samples. This contrasting behavior is strongly indicative of a built-in lateral electric field that accounts for fluorescence quenching as well as p-type doping and the observed Raman signatures. Our study provides new insights into the interplay of localized edge states in antidot lattices and the resulting band bending, which are critical properties to enable novel applications of nanostructured graphene for light harvesting and photovoltaic devices.
I. RESULTS AND DISCUSSION

A. Antidot Superlattices
Graphene flakes used in these experiments were prepared by micromechanical exfoliation of natural graphite onto a degenerately doped p + + Si wafer with a thermally grown 90 nm SiO 2 dielectric. Layer metrology was subsequently performed using confocal µ-Raman spectrometry in order to identify mono, bi, and tri-layer graphene flakes [29, 30] . Following the initial characterization, various antidot superlattices were etched onto the flakes using electron beam lithography. Figure 1c shows two exemplary lattices with different filling fractions F = φ/s of antidots, where φ is the antidot diameter, and s is their separation. In accordance with previous experimental results [28, 31, 32] , the corresponding Raman spectra display an energetic shift and linewidth narrowing of the G-band with increasing filling fraction, as shown in Fig  1a. The G band, which occurs at~1580 cm −1 arises from doubly degenerate iTO and iLO phonon modes which possess E 2g symmetry. The observed stiffening (from 16.7 cm −1 to 6.6 cm −1 ) can be understood in terms of the Landau damping of the phonon mode, while the energetic shift arises from a renormalization of the phonon energy [31, 33] . Furthermore, the energetic shift of the G-band is positively correlated with the shift of the G'-band, as shown in Fig. 1b , which is indicative of an effective p-doping of the underlying graphene layer [34, 35] . In contrast, a negative correlation in the energetic shifts of the G and G' bands would imply n-doping.
In order to correlate shift and stiffening of the G-band in antidot superlattices to an underlying carrier density, we fabricated electrically contacted devices without an antidot lattice, as shown schematically in Fig. 2b . Using the electrical field effect of the back gate, the sheet carrier density ∆n s was modulated and the stiffening and energetic shift of the G-band in the unpatterned samples was used to estimate the edge state density in the antidot superlattice (see supporting online material). From these data the amount of p-doping in the antidot samples was determined to reach up to 4 × 10 12 cm −2 at a filling fraction of two (top axis in Fig.1a) , and was not found to depend on the number of graphene layers as shown in Fig. 1b . The large amount of effective p-doping is rather remarkable since neither extrinsic dopants, nor an external gate potential were applied to the antidot samples.
Furthermore, in order to investigate the microscopic origin of the observed p-doping we fabricated graphenedye hybrids. Both, antidot flakes and electrically contacted devices were soaked in a 15 nanomol solution of Rhodamine 6G (R6G), as shown schematically in Fig. 2a . In these experiments, the R6G Raman peaks, the R6G fluorescence, and the Raman signal from graphene were monitored as a function of the antidot filling fraction F as well as different backgate and source-drain biases on the unpatterned flakes. In the subsequent discussion, we first focus on the R6G fluorescence signal. Figure 3a shows a scanning electron micrograph of a single bilayer graphene flake with three distinct antidot superlattices L1, L2, and L3, which was used to study the spatially resolved µ-fluorescence of the R6G dye. The relative intensity of the broad fluorescence signal of the R6G molecule (recorded at λ F L = 577 nm) normalized to the intensity of R6G fluorescence on the bare SiO 2 substrate are identified by circles in Fig. 3a . Our results indicate that the R6G fluorescence is moderately quenched on the unpatterned graphene substrate as compared to the fluorescence on the bare SiO 2 wafer. Remarkably, the fluorescence becomes even stronger quenched in the region were the antidot superlattices are located. The amount of R6G fluorescence quenching increases with increasing filling fraction of the antidots as shown in Figures 3b-3e for filling fractions of zero (graphene), 1/3 (L3), 1/2 (L2), and 1 (L1). The integrated intensity of the R6G fluorescence signal quenches up to a factor of five for the largest realized filling fraction, as shown in Fig 4. In contrast to the quenching fluorescence signal, the intensity of the Raman signals from both R6G and graphene were found to increase six-fold with increasing filling fraction, i.e. increasing density of edge states, as shown in Fig. 4 . In order to rule out any possible influence of the carboxylic bonds at the edges of the antidots and the possible presence of oxygen groups on SiO 2 , which could have been introduced during oxygen plasma etching, a control experiment was performed in which several antidot lattices were reduced using 1 mmol L-ascorbic acid for 24 hours. Reduction in ascorbic acid was previously shown to effectively remove oxygen groups from graphene [36, 37] . Our results (which are shown in the supporting online materials) indicate that no significant oxygen contamination occurs during the 10 s etching process, and thus cannot be used to account for the observed enhancement of the Raman peaks.
Phenomenologically, the fluorescence quenching may be understood as follows. The incident laser light creates electron-hole pairs in the R6G dye. In the absence of the graphene substrate, the e-h pairs radiatively recombine thereby giving rise to the fluorescence signal on the bare SiO 2 wafer. It was previously shown that placing quantum dots on top of graphene results in an energy transfer from the dots into the underlying graphene layer [38] , resulting in a suppression of blinking from the quantum dots. A similar effect is expected to occur for the R6G molecules on graphene, where the radiative recombination of the excitons in the R6G molecule is suppressed. In our experiments, additional quenching of the fluorescence signal in the antidot regions was observed (as shown in Figs. 3 and 4) . The additional quenching can thus be understood to arise from the extra states at the edges N edge , that effectively prevent radiative recombination of the electron-hole pairs, and therefore quench the fluorescence signal. The amount of quenching observed in our experiments is rather remarkable since increasing the antidot filling fraction decreases graphene's surface area and introduces larger areas of SiO 2 into the excitation volume on which the fluorescence is not quenched.
The observed linear increase in carrier density with increasing filling fraction is in accordance with the theoretical prediction of Whimmer et al. [21] , who showed that the ratio of edge states to bulk states is given by
, where is the reduced Planck's constant, v F is the Fermi velocity in graphene, α is a parameter that characterizes edge roughness, E 0 is the energy width of the band of edge states, s is the antidot separation, and R is the antidot radius. Therefore, decreasing s or alternatively increasing R gives rise to a linear increase in N edge .
B. Gate-Tunable Fluorescence
In order to further elucidate the mechanism for fluorescence quenching and the nature of N edge we fabricated electrically contacted and back-gated graphene flakes, which did not contain an antidot superlattice. Varrying the backgate voltage, effectively moves the Fermi level in the device thereby affording the possibility of in-situ electron and hole doping of the graphene flake according to ∆n s = C g (V g − V Dirac ) /e, where C g is the gate capacitance, V g is the applied gate voltage, V Dirac is the location of the Dirac point, and e is the electron charge [3, [39] [40] [41] . Modulating the Fermi level with the backgate creates a free sheet carrier density in the underlying graphene layer. The effect of free carriers on the R6G fluorescence and the R6G and graphene Raman is shown in Fig. 5a , with the blue (red) traces corresponding to spectra from hole (electron) doped regions and the black trace was taken at the Dirac point. The intensities of several Graphene and R6G Raman peaks are plotted in Fig. 5b together with the I sd − V bg trace (blue line), which illustrates that the current to the left of the minimum (the Dirac point) is due to hole conductivity, while the current to the right of the minimum corresponds to electron conductivity. As can be seen, the intensities of both the Raman peaks as well as the fluorescence signal can be either quenched or enhanced by the applied gate bias, and directly follow the free carrier density in the device. Comparing the values of ∆n s (top axis in Fig.  5b ) to N edge (top axis in Fig. 4 ) it is evident that the enhancement of the Raman peaks achieved in antidot devices occurs at comparable concentrations of N edge and sheet carrier densities ∆n s in unpatterned samples, as shown in Figs. 6a and 6b. Unlike the Raman peaks, the R6G fluorescence is strongly quenched in the nanopatterned samples, whereas it is enhanced in the electrically gated samples. The contrasting behavior of the fluorescence signal is strongly indicative of the different nature of the carriers in the antidot superlattice as compared to unpatterned graphene, and can be used to establish a microscopic mechanism for the observed fluorescence quenching and p-doping in the nanostructured samples.
In principle, two possible mechanisms could be responsible for fluorescence quenching: charge transfer from R6G into the trap states that are created by the additional edge state density or electrical field dissociation of the radiative R6G exciton, which leads to a strong decrease in the exciton recombination rate due to the reduced electron-hole wavefunction overlap in an electric field. Although charge transfer into trap states could account for the decrease of the fluorescence intensity, it cannot explain the observed stiffening and the energetic shift of the G-band phonon in graphene, both of which require an electric field effect [31, 32] . In contrast, the field dissociation mechanism explains both phenomena, as well as the absence of fluorescence quenching in unpatterned graphene under back-gate sweeping.
Since the edge states create spatially localized carriers, which are immobile, they would not cause the G-band stiffening. However, their presence effectively pins the Fermi level at the edges, thereby bending the band structure throughout the entire antidot superlattice, since no localized states exist in graphene's basal plane and the Fermi level must remain continuous, as shown schematically in Fig. 6c . This band bending creates an effective potential, i.e. a built-in lateral electrical field, that accounts for the dissociation of the R6G excitons, resulting in the observed fluorescence quenching. In contrast, the vertical back-gate field of the unpatterned graphene device does not lead to band bending, while the created free carrier density can effectively feed the carrier capture into the R6G molecules, causing the observed fluorescence enhancement. The Raman signals are enhanced by the electrical field mechanism providing free carriers in both cases.
Quantitatively, the effect of the built-in electrical field may be estimated to first order from the amount of pdoping that it introduces. In graphene, doping is commensurate with the movement of the Fermi level into the conduction or valence bands by the electrical field. The band offset ∆E F as a function of doping concentration n is given by ∆E F = v F k F , where is the reduced Planck's constant, v F is the Fermi velocity, and k F is the Fermi wave vector, which in graphene is given by k F = √ πn [42] . The antidot lattices used in our experiments yielded doping concentrations on the order of 0.5 − 4.0 × 10 12 cm −2 , which correspond to band offsets of ∆E F ≈ 90 − 260 meV.
The Fermi level pinning at the localized carrier density in the antidot superlattice is similar to Fermi level pinning of a Schottky barrier at an graphene-metal interface that is used to separate photogenerated carriers in optoelectronic devices based, for example, on carbon nanotubes [9, 16, 18] . In our case, however, no metal was deposited onto graphene and the pinning occurs at the localized edge states that are a direct consequence of the antidot superlattice.
In summary, we fabricated several graphene antidot superlattices using mono, bi, and tri layer flakes, and observed effective p-type doping which increases with larger filling fractions, as evident from their Raman signatures. We furthermore showed that after depositing R6G dye on these flakes, the corresponding fluorescence signal is strongly quenched with increasing antidot filling fraction, while the Raman signal is enhanced. These results are indicative to a microscopic mechanism in which the Fermi level becomes pinned at the antidot periphery giving rise to a built-in electric field, which accounts for the fluorescence quenching and the observed p-type doping in nanopatterned graphene. These findings make antidot lattices of great interest for carbon-based optoelectronics and might be particularly useful for light-harvesting applications such as photodetectors and solar cells requiring efficient field separation of electron-hole pairs.
